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Interaction Region Magnets for VLHC "

Ramlesh Gupta and Michael Harrison

Abstract—The interaction region (IR) magnets for the
proposed very large hadron collider (VLHC) require high
gradient quadrupoles and high field dipoles for high luminosity
performance. Moreover, the IR magnefs for high energy
colliders and storage rings must operate in an environment
where the amount of energy deposited on superconducting coils
is rather large. In the case of doublet IR optics with flat beams,
the design of the first 2-in-1 quadrupole defines the geometry
and pole tip field in this and other TR magnets. This paper will
present a novel design of this magnet that allows a very small
separation between the two apertures. A brief discussion of the
conceptual magnefic design of this and other magnets for
interacfion regions is given. The influence of critical current
density in superconductor (a higher value of which is most
beneficial to high performance TR mapgnet desipn) is also
discussed. Since High Temperature Superconductors (HTS)
retain most of their eritical current density at high fields and at
elevated temperatures, they offer an attractive possibility for the
IR magnet designs of future celliders or upgrades of present
colliders.

Index Terms—Accelerators, Quadrupoles, Interaction Region
and High Temperature Superconductors.

I. INTRODUCTION

HE interaction region lattice {[1] and luminosity

performance of the proposed VLHC-2 [2] depends
significantly on a small mumber of high field magnets. The IR
layout is shown in Fig. 1. The design parameters of various IR
magnets are given in Table 1. These values of peak field on
the conductor can onty be reached by brittle materials such as
HTS and Nb;Sn. To deal with the large energy deposited by
decay particles from the experimental regions, a large margin
is allowed in quadrupoles. Developing HTS technology for IR
magnets is particularly attractive as it permits a large
temperature margin. Given the importance of a few magnets,
state of the art superconductors are used in the IR design. The
amount of superconductor used in the magnet will go down
and the design will become simpler with the . further
improvements in the superconductor technology.

The following are the major considerations in the design of

VLHC-2 IR magnets:
o  Small aperture (specially in quadrupoles for generatmg

high gradients)
e  HBrittle superconductors that must be used for generating

high field/gradient
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e Large Lorentz forces (associated with high fields)
s Small separation between the two apertures {assocmted
with the doublet optics)

The coil ends of conventional cosine (B) designs put a
practical limit on the minimum aperture, particularly in
quadrupole magnets made with britile material. To overcome
this and other limitations, the VLHC-2 IR region is based on
non-traditional magnet designs with racetrack coils. The
design philosophy adopted here is in part similar to the
comimon coil design [3] vsed in main dipole magnets, These
are conducter friendly designs with large bend radii and are
suitable for containing large Lorentz forces,

TABLE I: DESIGN PARAMETERS OF VLHC-2 INTERACTION REGION MAGNETS

Magnet Field Gradlent Peak Field Aperture Lenpth Type
DIA 16T - 167T 25mm 12Im 1-n-1
DIB 12T - 125T S30mm 6.0m  I-in-1

D2 12T - 125T 50mm 1llm 2-in-1
QA - 400Tm ~12FT 30mm 124m 2-in-l
QIB - 600T/m ~11T 30mm 124m 2-in-1
2A - 600T/m ~11T 30mm 79m 2-in-1
2B - 00Tm ~417 Wmm 79m  2-in-l
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Fig. 1: The IR layout of VLHC-2 showing the design requirements,

II. IR QUADRUPOLE DESIGN

In the proposed flat beam optics [1] the minimum
separation between the two apertures in QLA determines the
layout of the entire VLHC-2 interaction region and the
maximum beam size for the given optics. In addition, it also
establishes the maximum pole tip field of this and other
magnets. In conventional 2-in-1 designs, the minibmm
separation is determined by the conductor width required for
generating field pradient and the support structure required
for containing large Lorentz forces. In the proposed design
the amount of conductor between the two apertures is much
smaller than on any other side and no support structure is
required between the two apertures. This brings a large
reduction in spacing (by about a factdr of five} between the
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two aperfures. The cross section of the proposed design is
shown in Fig 2. In order to facilitate large bend radii, the
return path of all turns is further away from the aperture. Field
contours and field lines in the aperture of this magnet are
shown in Fig, 3 and B, on vertical axis in Fig. 4. The design
is based on “React & Wind” NbySn superconductor with a
corrent density of 2500 A/mm? at 12 T. The large bend radii
allow the potential use of high temperature superconductors
[4]. The magnets made with HTS could operate at elevated
temperature arising from the decay particles hitting the coil
and/or other parts of the magnet. In addition, one can also
remove conducior from the midplane of the magnet, the plane
where the decay particles are highly oriented.

Designs based on above philosophy would vse much larger
amounts of conductor than those would in a conventional
quadrupole design. However, the cost of conductor should not
be a major factor in designing a few critical high performance
IR magnets. The design shown in Fig. 5 allows the neutrals to
pass through the space between two apertures. The Lorentz
forces are such that a small space can be left in the middie of
the internal support structure between the apertures for. the
passage of neutrals that can be intercepted after QTA and
QIB.

TABLE If TARGET HARMONICS IN VLHC INERACTION REGION
QUADRUPOLES, <by> AND <a,> ARE THE MEANS OF THE NORMAL AND SKEW
TERMS. dibn) AND d{an) ARE THE UNCERTAINTY IN THE MEAN. G(b,) AND
Gy} ARE THE EXPECTED SIGMA, (NOTE: SEXTUPOLE IS n=2).

n  <b>  d(by) olbn) <8y d(&)  ofzw)

2 0 2 2 3 3 1

3 2 2 i 0 1 i

4 0 1 I 1.5 1.5 1

3 2 1 0.3 0 1 02

4 \ 0s 0.1 0.5 6.3 0.5

7 0.5 01 0.1 0 0.2 0.1

8 o 0.5 0.1 0.3 0.3 0.1

9 0.5 0.1 0.1 0 0.1 0.1
The proposed quadrupole design introduces strong

coupling and cross talk between the two apertures and the
field at the center of the quadrupole is not zero. The
superimposition of a dipole field on the quadrupole coils
increases the peak field on the conductor and reduces the
maximum achievable gradient. The maximum design gradient
in Q1A (minimum separation) is, therefore, 400 T/m as
compared to 600 T/m in QIB, Q2A and Q2B where this
effect is much smaller. All four guadrupoles will have a
different cross section, The goal is to minimize the cross talk
induced harmonics with the exception of the dipole field. By
symmetry, the normal even harmonics and skew odd
harmonics are theoretically zero. The target field harmonics
are given in Table II. These values will be obtained either by
design or by correction, Table Il includes harmonics from
both design and construction errors, however, the harmonic
errors are dominated by the design. These harmonics are
expected to come down as the design evolves.

Retum condustors ...
—

g Bt SREELE A oG
Fig 2: A conceptual design of the proposed 2-in-1 IR Quadrupole QEA. The
design minimizes the spacing befween two aperturcs, Unlike conventional
designs, where tums from one octant return to another within the same
aperture, in the above design, the conductor retums away from the aperture.
The conductor on loft side of aperture returns far away on the left side and
on the right side of the aperture retumns far away on the right side, as'shown
above. This allows a large bead radius for “React & Wind” technology.
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Fig. 3: Ficld contours and field lincs in the aperture region of the proposed
design of 2-in-1 quadrupole Q1A. Return conductors are outside the picture.
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Fig. 4: Horizontal component of the field showing the presence of noh-zero

field at the center of two apertures.




Fig 51 A conceptual design that allows the neutrals from experimentat
regions to pass through the space between two apertures without hitting the
superconducting ceils dircetly. In addition, the space at midplane of two
apertures may minimize a direct hit on superconducting coils fiom the decay
particles that arc more localized at the midplane,

1. TR IpoLES

The VLIC-2 interaction region uses three types of dipole
magnets. The design of all insertion region dipoles is also
based on racetrack coils. D1A, D1B (one each on each side)
are single aperture dipoles and D2 (two on each side) is a 2-
in-1 dipole. The operating field in smaller aperture (25 mm)
dipole D1A is 16 T (Quench field ~18 T) and it uses High
Temperature Superconductor (BSCCO 2212) in a hybrid
design. The operating field in the larger aperture (50 mm)
dipole D1B is reduced to 12 T to reduce the Lorentz forces

associated with larger apertures. This field can be entirely

obtained by Nb;Sn superconductor,

IR region will also contain & number of corrector magnets,
The higher order harmonic correctors could be based on
multi-layer coils within the same coldmass, as in RHIC [5].

IV. CoONDUCTOR PERFORMANCE AND MAGNET DESIGN

A. Basic Magnet Design Consideration o
In dipoles and in large aperture and/or low gradient
quadrupoles, the required coil thickness (f) to generate a
given field or gradient increases linearly. However, the
required coil thickness approaches an exponential dependence
in small aperture and/or high gradient quadrupoles. This is
because the central field (By) in cosine (0) dipoles is given by
Bgz.fg *}[a*t/2,
and the gradient (G) in cosine (20) quadrupole is given by
G=Jy* ty /2 ¥ In(1+t/a),
where [ly is the permeability of vacuum and @ is the coil
radivs. This makes the requirement of high operating current
density (Jp) at the operating field more critical in high

gradient, low aperture quadrupoles, as it remains linear in all
cases,

8. Critical Current Density and Magnet Design

The operating or overall current density J, depends on the
critical current density I, the maximun allowed current
density in copper Jo, at quench and insulation and other cable
parameters. The maximum acceptable value of I, in modern

- magnets has been about 1500 A/mm? This means that for

higher J,., the amount of copper needs to be increased to
maintain the maximum value of I, This means that the gain
in J, from an increase in J,, above the acceptable copper
cutrent density becomes small, as shown in Figs. 6, 7 and 8.
Fig. 8, gives the computed coil thickness for obtaining
various fields using the type of J,(J,, J.u) vs. B fit obtained in
Fig. 7.
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Fig. 6: Critical current density (), current density in wire (Jwirg) and
overall current density (o) as a function of field in Nb;Sn supercenducter for
maintaining a coppor cutrent density {J.,)) of 1500 A/mm?.
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Fig. 7: A lincar fit is obtained between J, and ficld. The fit parametcrs
dopond on Jy; and Jew

C. HISin Accelerator Muagnets

Performance of High Temperature Superconductors (HTS)
has been continuously improving [6]. Fig. 9 shows the
measured critical current density as of year 2000 in low
temnperaiure superconducior (ETS) and in HTS in a wire that
can be made in lengths of about 100 meter or longer, The
critical current density of HTS becomes more than that of



LTS at ~13 T and above. However, the complete benefit of
higher critical current density in HTS is not realized in
magnet design, as only Y of the present HTS wire is
superconductor. The remaining % is silver that is much larger
than required. In HTS wire, the silver plays a similar role as
copper does in low temperature superconductors, In high ficld
magnets built with LTS, the superconductor can be kept about
% of the wire volume, depending on the tolerable current
density in copper at quench. In Tables III and IV, we compare
the designs at various fields where LTS coils are replaced by
HTS coils with the following design restrictions. In both HTS
and LTS magnets, the current density in copper or silver is
1500 A/mm* quench. Moreover, in TS magnets, Ag/SC
ration is at least 3:1. Table III is based on the critical current
density available in year 2000 (2200 A/mm” in NbsSn and
2000 A/mm? in HTS). Table IV is extrapolation for future
(3000 A/mm? in NbySn and 4000 A/mm? in HTS). All values
are given at 12 T and 4.2 K and it {s possible that the values
extrapolated for future may be realized in ~5 years.
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Fig. 8: Coil thickness () required to generate various fields for conducior
having a critical corrent density of 1500, 2000, 2500 and 3000 A/mm? at 12
T and 4.2 K, Reduction in coil thickness from the improvement in critical
current density in superconductor is smaller at lower ficld but significant at
higher fields. Jo is obtained using the type of fit shown in Fig. 7.

The IR quadrupole design shown in Fig. 2 is a “conductor
friendly” design. It is based on racetrack coils with large bent
radius (similar in philosophy to the commen coil design [3])
and therefore it allows the use of HTS cables despite their
britile nature, HTS tapes can be bent in smaller radii because
of their small thickness as compared to wire and therefore
might be attractive in lower aperture magnets. However, in all
cases field quality issues, particularly the issues related to
persistent current, need to be studied. Their influences on the
beam dynamics need to be examined and ways to reduce their
magnitude in magnets are being explored.

TABLE III: COMPUTED FIELDS IN DIPOLES WHEN THE NbiSn COILS ARE
REPLACED BY HTS COILS. THESE DESIGNS Azu-: BASED ON THE CONDUCTOR
PERFORMANCE AS OF YEAR 2000.

All Nb;Sn Coils AHHTS Coils
12T 5T
15T 13T
18T 19T

TasLe 1V: COMPUTED FIELDS IN DIFOLES WHEN THE NbiSn COILS ARE
REPLACED BY HTS CQILS. THESE DESIGNS ARE BASED ON THE GEXPECTED
CONDUCTOR PERFORMANCE IN NEAR FUTURE (~5 YEARS),
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FIG, 9: CRITICAL CURRENT, DENSITY AS A FUNCTION OF FIELD IN YEAR 2000,

V. HTS COIL AND MAGNET R&D PROGRAM AT BNL

The superconducting magnef division at BNL has started a
challenging TS magnet R&D program. The program is
discussed in detail elsewhere {4]. The use of HTS is
particularly attractive in TR magnets because they maintain a
large critical current density at very high field and can operate
at elevated temperatures (caused by decay particles hitting the
coil and/or nearby structure) without much loss in critical
current density. Moreover, given the present high cost of
HTS, it is likely that HT8-based accelerater magnets will find
their first use in high performance interaction regions. This is
because of the fact that in the case of TR's a few magnets have '
a major impact on the luminosity performance of the machine.
Therefore, in this case, the performance rather than the
material cost should be the prime motivation for developing
new magnet designs and technologies.
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